Abstract: Due to the appealing piezoelectric, pyroelectric, and ferroelectric (FE) properties, poly(vinylidene fluoride) (PVDF)-based dielectric polymers have been attracting great attention from both the academic and industrial communities. Depending on the molecular structure and the processing method, PVDF-based dielectric polymers can exhibit rich dielectric polarisation behaviours covering normal FE, relaxor FE, anti-FE-like and linear dielectric responses, which enables a wide spectrum of application fields such as non-volatile memories, piezoelectric and pyroelectric sensors, actuators, electrocaloric refrigeration, and film capacitors. In this study, the authors first briefly introduce the current practical/promising applications of PVDF-based dielectric polymers, and the corresponding optimum dielectric polarisation behaviour and crystal structure are proposed accordingly. The chemical synthesis and modification strategies for obtaining various fluoropolymers beyond PVDF homopolymer are then summarised with an emphasis on the relationship between the molecular structure and the dielectric polarisation behaviour. In addition, the effect of processing methods on the crystal structure and dielectric properties of the PVDF-based polymers is discussed. Finally, some newly developed processing techniques applicable to PVDF-based polymers are described.
Introduction
Dielectric materials are electrically insulating and can be polarised by an applied electric field, resulting in accumulation of positive charges on the one side of the dielectric towards the field and negative charges on the opposite side [1] . Dielectric properties of a material are often examined using displacement-electric field (D-E) loops. Depending on the D-E loops, dielectric behaviour can be generally categorised into four types consisting of linear dielectric, normal ferroelectric (FE), relaxor FE (RFE), and anti-FE polarisations ( Fig. 1) [2] . The linear dielectrics display no or very little hysteresis in their D-E loops. In contrast, normal FE behaviour is featured by a large hysteresis loop with a relative large remnant polarisation. RFE behaviour has a comparatively slim loop, and the remnant polarisation is nearly zero when the electric field is back to zero. While for the anti-FE behaviour, reversible RFE-FE transition happens at the high electrical field.
Since the first discovery of piezoelectricity in poly(vinylidene fluoride) (PVDF) by Kawai et al. in 1969 , PVDF and its derived fluoropolymers soon attracted great attention due to their piezoelectric, pyroelectric, and FE properties [3] [4] [5] . These appealing properties enable a wide range of applications in energy storage and conversion [6] . Depending on the molecular structure and the processing history, PVDF-based dielectric polymers can exhibit rich dielectric polarisation behaviours covering normal FE, RFE, anti-FE-like, and linear dielectric responses [7] . The rich dielectric behaviours of PVDF-based polymers allow for various application fields such as non-volatile memory, piezoelectric and pyroelectric sensors, actuators, electrocaloric refrigeration, and film capacitors [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . For example, the normal FE β-phase PVDF and its copolymer poly(vinylidene fluoride-trifluoroethylene) P(VDF-TrFE) are promising in applications of non-volatile memories and piezoelectric sensors [8] [9] [10] [11] . The defect-engineered poly(vinyl fluoride-chlorotrifluoroethylene) (P(VDF-CTFE)), electron beamed P(VDF-TrFE), and P(VDF-TrFE)-based terpolymers having the RFE characteristics can be used for dielectric film capacitors, electrocaloric refrigeration, and electrostrictive actuation [12] [13] [14] [15] . PVDF-based graft polymers with anti-FE-like behaviour are also preferred for energy storage in the film capacitors [16, 17] .
In this study, we first briefly introduce the current practical/ promising applications of PVDF-based dielectric polymers, and the corresponding optimum dielectric polarisation behaviour and crystal structure are proposed accordingly. The chemical synthesis and modification strategies for obtaining various fluoropolymers beyond PVDF are then summarised with an emphasis on the relationship between the molecular structure and the dielectric polarisation behaviour. In addition, the effect of processing methods on the crystal structure and dielectric properties of the PVDF-based polymers is discussed. Finally, some newly developed processing techniques applicable to PVDF-based polymers are described.
Design of PVDF-based dielectric polymers for various applications

Non-volatile memories
Non-volatile storage is a type of computer memory that can retrieve the stored information even after powering off [18] . As one type of non-volatile memories, the FE random access memory (RAM) is based on the bi-stable polarisation orientation states of the FEs, which can be switched by an applied electric field [19] . Compared to the currently widely used silicon-based flash memories, the FE RAM has the advantages of fast switching, low power consumption, and long durability. In practice, binary '0's and '1's are encoded using the positive remnant polarisation '+P r ' and negative remnant polarisation '−P r ', respectively, in each data storage cell.
Due to the merits of ease of processing and low fabrication cost, dielectric polymers having a normal FE behaviour are preferred for the next-generation non-volatile memory applications. The performance of memory device is strongly dependent on the dielectric hysteresis behaviour of the employed materials. Specifically, a huge rectangular hysteresis loop with large P r and relatively low coercive electric field (E c ) is highly desirable for the high performance memory device [20] . As a consequence, this requires polymer candidates to have a high fraction of FE crystalline phase with the large dipole moment. Due to the largest net dipole moment, β crystal with all-trans conformation is particularly favourable over other crystal forms amongst the PVDF-based polymers [21] . In this context, PVDF and its copolymer P(VDF-TrFE) are most promising as they are capable of attaining high content of β-phase crystals. In practical applications, one may enhance the memory performance of the PVDF or P(VDF-TrFE) by optimising the processing conditions to increase the crystallinity as well as the dipole orientation along the electric field direction. Apart from the β-phase, δ-phase was also found very interesting for memory application [22] . It is worth mentioning that the lowering of the coercive field could also be effective for pumping up the performance, which is, for instance, practiced by utilising the nanoconfinement effect [23, 24] or defect modification [25] .
Piezoelectric sensors and electromechanical actuation
Piezoelectricity refers to the effect that an electrical signal can be received upon mechanical stimuli being exerted on piezoelectric materials. This phenomenon is a consequence to the changes in local electric dipole moments and hence the macroscopic changes in polarisation of piezoelectric materials. Capitalising on the piezoelectric effect, mechanical stress, physical displacement, and vibrations can be monitored using the piezoelectric sensors [26] . Accordingly, dielectric polymers possess higher electric dipole moments would give rise to a better piezoelectric response when subjected to the same external force. This requires the suitable piezoelectric polymers to possess a great number of polar crystal domains. Besides, in order to avoid the charges on the domain walls to be cancelled out, it is better for these polar domains to align along the same direction. Mechanically stretched PVDF and P(VDF-TrFE) are the most studied piezoelectric polymers due to their predominant FE β crystal phase [27, 28] . Before being used as piezoelectric sensors, these FE polymers have to be subjected to a poling process, i.e. a strong dc electric field to align the polar dipoles. The state-of-the-art piezoelectric coefficient d 33 by highly crystalline P(VDF-TrFE) is reported to be about −38 pC N −1 [29] . Further improvement of piezoelectric coefficient may be achieved by optimising the crystal structure in terms of crystallinity, crystal size, and crystalline orientation.
The inverse piezoelectricity, i.e. the generation of mechanical distortion driven by an electric field is practically or potentially promising in electromechanical actuation applications such as acoustic transducer and artificial muscles [30] [31] [32] . Based on the dependence of strain on the applied electric field, electromechanical actuation is generally divided into two categories [33] . The first type is piezoelectric actuation with the strain value linearly dependent on the applied electric field. Typical cases are the application of the normal FE PVDF or P(VDF-TrFE) into the electromechanical transducers that convert an electrical signal into sound [34] . The second type involves a non-linear dependence of strain on the applied electric field based on electrostrictive RFE behaviour. Electrostrictive polymers can exhibit a high induced stress with large deformations (4-10%) [35] . During the electromechanical actuation process, chain conformation from the TGTG′ (T denotes the trans, G denotes the gauche) or T 3 GT 3 G′ to TTTT can be induced by the applied electric field, thus giving rise to the shape deformation. Up to date, the extensively studied RFE polymers include the electron irradiated P(VDF-TrFE) copolymers and P(VDF-TrFE)-based terpolymers.
Pyroelectric and electrocaloric applications
Nowadays, a large number of pyroelectric applications have been developed ranging from the pyroelectric infrared detector to the thermal energy harvesting device [11, [36] [37] [38] . These devices are principally based on the spontaneous polarisation change of the pyroelectric material induced by the temperature variation and hence generation of electrical power [36] . Therefore, pyroelectric performance is closely related to the sensitivity of the spontaneous polarisation versus the temperature change. In this context, FE polymers are especially suitable for pyroelectric applications, as their high spontaneous polarisation would experience a distinct change with temperature across the FE-paraelectric (FE-PE) phase transition. Up to date, the most successful FE polymers for pyroelectric applications are P(VDF-TrFE) and P(VDF-TrFE-CFE), having the pyroelectric coefficient (p) values of 45 and 60 μC m −2 K −1 , respectively [39] .
As the physical inverse of pyroelectricity, electrocaloric effect refers to the adiabatic and reversible temperature variations induced by the polarisation change of a dielectric material subjected to an external electric field [40] [41] [42] [43] . This phenomenon can be potentially used for developing energy efficient and environmentally friendly solid refrigeration systems. Specifically, when a dielectric polymer experiences changes in spontaneous electrical polarisation induced by external electric fields, it can exchange heat with the surrounding environment as the result of changes in the entropy. Given that substantial entropy changes commonly occur at the FE-PE phase transition, electrocaloric materials are preferred to operate in the vicinity of the FE-PE transition temperatures (i.e. T C is the Curie temperature). Further, to gain the maximised refrigerant capacity in the applications, the suitable polymer candidates should not only possess high entropy change, but also a broad operation temperature range where high electrocaloric performance maintains [40] . In this sense, RFE polymers are appealing given their broad temperature span of the FE-PE phase transition.
Film capacitors
Featuring fast charge/discharge rates, superior power density and long cycle lifetime, dielectric film capacitors that store energy electrostatically have been attracting great attention in a wide range of applications including modern electronic devices, hybrid vehicles and various electrical power systems [44] . Typically, the energy density (U) stored in a dielectric material is determined by the applied electric field (E) and the electric displacement (D), which is given by
For linear dielectrics, the expression can be expressed as follows:
where K is dielectric constant and ɛ 0 is the vacuum permittivity of 8.85 × 10 −12 F m −1 . According to the expression, high energy density depends on both the breakdown strength and dielectric constant. Besides the breakdown strength and dielectric constant, dielectric polarisation behaviours also have a major impact on the energy storage performance. For instance, despite the combination of both high K (∼8-10) and high breakdown strength (>500 MV m −1 ) in PVDF, they are practically of low energy density (∼5 J cm −3 at 350 MV m −1 ) because they will be converted to the FE β-phase featuring a normal FE behaviour under high electric field poling [45] . As a consequence, the electric field-driven switch of dipoles is irreversible as the external field is removed, thereby causing a high remnant polarisation and large hysteresis loop (Fig. 2a) [46] .
Attentions have been recently focused on novel PVDF-based copolymers or terpolymers such as P(VDF-HFP) and P(VDFTrFE-CTFE). The widely accepted concept for improving the energy storage performance of PVDF-based dielectric polymers is the reduction of the polarity of the crystal domains to enhance the applied electric field and a decrease in the crystal grain size to mitigate the coupling between the FE domains and thus decrease the remnant polarisation. Defect modification strategies have been widely explored in the past decades via copolymerising one or two monomers, or further modification by grafting side chains and crosslinking by e-beam or chemical crosslinking agents. Through these procedures, the normal FE behaviour can be converted into a RFE or an anti-FE-like behaviour, both of which show much slimmer hysteresis loops and therefore are more suitable for high energy density capacitor applications (Figs. 2b and c) .
Chemical synthesis and modifications
PVDF homopolymer
Initiated by some common initiators such as persulfate salts, PVDF can be readily synthesised by free radial polymerisation of gaseous monomer 1,1-difluoroethylene (VDF) in aqueous emulsion or suspension media [47] . In the course of chain propagation, configurational defects by reverse addition of VDF-VDF, i.e. headto-head (HH) or tail-to-tail (TT) defects, are always unavoidable and their content is largely dependent on the polymerisation conditions [48] . Comparatively, PVDF from the suspension process contains a lower fraction of HHTT defects than that from the emulsion route. Adopting initiators such as trialkyl aluminium and other low-temperature systems generates chain defects lower than 2.4% [49, 50] .
Numerous studies have shown that the existence of HHTT defects in the PVDF molecular chains has a significant effect on the chain conformation and hence the polymorphic forms [51] [52] [53] . It was reported that at low concentrations of HHTT, the TGTG′ conformation is the most stable conformation, whereas the all-trans conformation becomes prevalent at high defect concentrations. Cais and co-workers systematically investigated the crystalline structure of PVDF homopolymers with defect concentrations ranging from 0.2 to 23.5 mol%. It was found that the non-polar α-phase was commonly obtained for the melt-processed PVDF films with a defect percentage lower than 11 mol%, whereas the FE β-phase dominated the crystalline structure of the films when the defect percentage was beyond this value ( Fig. 3 ) [51] . Moreover, distinct F-P phase transition can be observed upon heating the PVDF containing 13.5-15.5 mol% configurational defects.
PVDF-based copolymers
Inspired by the concept that configurational defects can change the chain conformation, crystalline structure, and thereby the FE properties of PVDF, free radical copolymerisations of VDF with various fluorinated monomers have been widely explored in the past decades. Depending on the size, electronegativity and reactivity of the comonomers, dielectric and FE properties of these copolymers can be of significant difference.
P(VDF-TrFE) random copolymers based on VDF and trifluoroethylene (TrFE) are famous for the attractive FE property analogous to that of β-phase PVDF. These copolymers can be directly obtained by conventional free radical copolymerisation of VDF and TrFE in dispersed suspension or emulsion media [54, 55] . Another commercially available strategy for the synthesis of P(VDF-TrFE) random copolymers is based on reductive dechlorination, i.e. reduction of chlorine atoms from P(VDF-CTFE) copolymers [56] . Depending on the synthesis method and composition ratio of VDF/TrFE, P(VDF-TrFE) copolymers can exhibit different chain conformations, crystalline structures, and hence different polarisation behaviours in response to the electric field [57] . For example, the reduced P(VDF-TrFE) 66/34 mol% copolymers have very high content of HHTT defects, which act as random defects, consequently leading to a FE relaxor at high temperature around 100°C [58] . While for the conventionally polymerised P(VDF-TrFE), it was reported that copolymers with VDF compositions of 50-80 mol% can crystallise readily from the melt or by solution casting into a FE phase with all-trans conformation without additional stretching [57] . Compared to β-phase PVDF (d 110/200 = 0.426 nm), P(VDF-TrFE) has a larger inter-chain distance (d 110/200 = 0.442 nm) because of the incorporation of the bulky TrFE units, thus allowing easier dipole rotation around the chain axis [59] . As a consequence, the ferroelectricity of P(VDF-TrFE) is featured by the presence of a Curie phase transition below the melting point (T m ), which is undetectable for the β-phase PVDF. The T C of the P(VDF-TrFE) copolymers is strongly dependent on the VDF/TrFE compositions and inversely varies from 60 to 135°C as the molar fraction of TrFE increases from 20 to 50% (Fig. 4) [60] .
In contrast to TrFE, copolymerisation of VDF with the bulkier CTFE may reduce the cooperative ferroelectricity in the crystal domains. Consequently, the resultant P(VDF-CTFE) copolymers typically exhibit much slimmer dielectric hysteresis loops compared to that of the PVDF homopolymer [14, 61, 62] . A small amount of bulky CTFE, on the one hand, can act as the gauche kink to stabilise the TGTG′ conformation and to avoid early displacement saturation or phase transition under high electric field. On the other hand, they improve the dipole reversibility due to the enlarged inter-chain distance compared to that of the PVDF. This was confirmed in the case of P(VDF-CTFE) (91/9 mol%), in which the uniaxially stretched films can still maintain mostly the α-phase, and show much slimmer electric hysteresis loops distinguishing significantly from the normal FE β-phase PVDF (Fig. 5 ) [14] .
Similarly, slim dielectric hysteresis behaviour can be achieved in P(VDF-HFP) copolymers by copolymerisation of VDF and hexafluoropropylene (HFP) [63, 64] . Nevertheless, different from P(VDF-CTFE), the substantially larger size and extremely low reactivity of HFP with itself (r HFP is almost zero) in the synthesis process favours the randomly dispersed defects that are excluded from the crystalline phase of the P(VDF-HFP) [64, 65] . Therefore, one may tune both the total crystallinity and crystalline size of the P(VDF-HFP) copolymer by varying the HFP content, which in turn affects the intercoupling between the FE domains and hence the dielectric polarisation behaviour.
In addition to the size and electronegativity, the reactivity of the comonomer also has a significant effect on the crystal structure of the as-synthesised binary copolymers. For example, due to the high reactivity of bromotrifluoroethylene (BTFE) (r VDF = 0.43, r BTFE = 1.43 at 80°C), P(VDF-BTFE) copolymers exhibit different regioregularity compared to previously reported PVDF-based copolymers [66] . Both types of defects, i.e. the single and block BTFE units are present in the P(VDF-BTFE) chains, consequently leading to the reduction in the cooperative ferroelectricity.
P(VDF-TrFE-M) terpolymers
Building upon the research on P(VDF-TrFE) copolymers, recent studies aim to tune the molecular structure and chain conformation, consequently obtaining novel FE properties such as relaxor ferroelectricity and antiferroelectricity. One feasible strategy is a synthesis of P(VDF-TrFE-M) terpolymers by introducing a third monomer (M). It was reported that the incorporation of M can not only limit the length of VDF-TrFE chain segments and alter the crystal size, but also increase the inter-chain distance that promotes the dipole flipping [67] .
Considering chlorine atom has a slightly larger van der Waals radius compared to fluorine atom (1.67 Å for Cl versus 1.47 Å for F) and may not destroy the crystalline organisation, chlorocontaining monomers such as vinyl chloride (VC), 1,1-chlorofluoroethylene (CFE), chlorodifluoroethylene (CDFE) and chlorotrifluoroethylene (CTFE) are good candidates for modifying the crystal structure of P(VDF-TrFE) copolymers [68] . By utilisation of a bulk polymerisation process with a low-temperature organoborane initiator, Chung and Petchsuk have synthesised a series of chloro-containing P(VDF-TrFE)-based terpolymers. Fourier transform infrared (FTIR) analysis showed that incorporation of termonomers led to changes in chain conformation from the all-trans (T m ≥4) to the T 3 GT 3 G′or TGTG′. The changes were dependent on both the type and content of the termonomer [69] . P(VDF-TrFE-CFE) and P(VDF-TrFE-CTFE) are most studied and promising terpolymers. Commercially, the two terpolymers are directly synthesised by the radical polymerisation of VDF, TrFE and CFE or CTFE in dispersed suspension or emulsion media [35] . Alternatively, P(VDF-TrFE-CTFE) can be prepared by utilising partial reduction of chlorine atom from the CTFE units of P(VDF-CTFE) copolymers, which gave birth to the TrFE sequence [70] .
Several studies have shown that random incorporation of the bulky CFE or CTFE termonomer into the VDF-TrFE chains can convert the normal FE copolymer into an RFE which eliminates the huge polarisation hysteresis [71] [72] [73] . This phenomenon is ascribed to the physical pining effect, which indicates that the CFE or CTFE monomer units act as a kink promoting a conformation change from the all-trans (T m ≥4) to the T 3 GT 3 G′, and simultaneously break apart the original large FE domain into large quantities of independent RFE nanodomains [73, 74] . Compared to CTFE (∼0.64 D), the CFE monomer unit provides a weaker physical pinning effect due to the relatively smaller size and larger dipole moment (∼1.80 D). Therefore, the CFE-containing terpolymers possess a typical double hysteresis loop (DHL) behaviour (also refers to as anti-FE-like behaviour) at high electric fields, whereas P(VDF-TrFE-CTFE) terpolymers provide single hysteresis loops (SHL) irrespective of the applied electric field (Fig. 6) [59] . The content of the third monomer is of crucial importance in determining the RFE behaviour and performance. For example, decreasing the CFE fraction below ∼8% causes an undesirable rise in the fraction of the normal FE phase in the crystalline regions for the VDF/TrFE composition near 65/35 [35] .
The introduction of much bulkier monomers with the CF 3 pendant group such as HFP, 3,3,3-trifluoropropene (TFP), 2,3,3,3-tetrafluoropropene (1234yf), and trans-1,3,3,3-tetrafluoropropene (1234ze) into the VDF-TrFE chain could also decrease the crystal size and lead to some changes in the FE properties [75] [76] [77] [78] . It should be noted that, despite the modification of the crystal lattice, these terpolymers still exhibit normal FE behaviour as the bulky CF 3 group is too large to be incorporated inside the crystals. Instead, it may be located in the rigid-amorphous interface. The preferential location may explain the increase of crystal lattice while the presence of bulky CF 3 units in the polymer chain prevents the crystallisation of long polymer segments. The FE properties such as coercive field E c and remnant polarisation P r were found to depend strongly on the termonomer content. For example, increasing 1234yf content (from 2 to 5 mol%) in the VDF-TrFE-based terpolymers induced a decrease of E c (from 55 to 40 MV m −1 ) and P r (from 27 to 22 mC m −2 ) (Fig. 7) [77] .
Recently, incorporation of some functional units into VDFTrFE chains has been proposed to mainly improve the adhesive properties of such P(VDF-TrFE)-based terpolymers. The termonomers mentioned include acrylic acids such as 2-trifluoromethacrylic acid (MAF) and a,b-difluoroacrylic acid, itaconic acid, as well as various phosphonates such as dimethyl vinyl phosphonate (DMVP) and allyldimethyl phosphonate [79] . Soulestin et al. [80] demonstrated that modification of P(VDFTrFE) via terpolymerisation of a small amount of MAF units improved greatly the hydrophilic property, thus providing sufficient adhesion to the metallic electrodes. Besides, polarisation investigations revealed these modified P(VDF-TrFE)-based terpolymers maintained a similar normal FE performance with that of the unmodified P(VDF-TrFE). 
Block copolymerisation
In addition to random copolymers or terpolymers, well-defined PVDF-based block copolymers have also aroused great interest in the past decade, due to their ability to self-assemble into a wellorganised structure that may lead to some extraordinary properties.
Some early investigations on PVDF-based block copolymers are mainly based on conventional radical polymerisation and/or polycondensation [81, 82] . Later, in order to obtain block copolymers with more defined architectures, various controlled radical polymerisation (CRP) techniques were developed, including atom transfer radical polymerisation (ATRP), iodine transfer polymerisation (ITP), reversible addition fragmentation chain transfer polymerisation or macromolecular design via interchange of xanthates (RAFT/MADIX) [83] . By utilising these methods, numerous diblock and triblock copolymers have been successfully synthesised, such as poly(vinylidene fluoride)-blockpolystyrene (PVDF-b-PS), poly(vinylidene fluoride)-blockpoly(methyl methacrylate) (PVDF-b-PMMA) and polystyreneblock-poly(vinylidene fluoride)-block-polystyrene (PS-b-PVDF-b-PS) [84, 85] . Recently, a click chemistry approach has also been developed and applied for the synthesis of block copolymers [86] .
A few studies gave detailed descriptions of phase behaviour and crystalline properties of PVDF-based block copolymers. Loos et al. reported that alternating the crystalline-amorphous lamellar structure was observed in a series of semi-crystalline PS-b-PVDFb-PS copolymers with different compositions [85] . In another study, the same group showed that poly(L-lactide)-blockpoly(vinylidene fluoride)-block-poly(L-lactide) (PLLA-b-PVDF-b-PLLA) block copolymers also possessed the alternating crystalline lamellar nanostructure, as well as a double crystalline behaviour [86] . Besides, Loos et al. stated that FE β-phase of PVDF could be induced in PS-b-PVDF-b-PS copolymers. Nevertheless, it should be mentioned that, FE properties have been rarely discussed in most of the previously reported PVDF-based block copolymers. Therefore, great efforts are needed to explore the relation between the phase structure and FE properties for PVDF-based block copolymers in the future.
Grafting modifications
Motivated by the idea that the lateral segments can act as the nanoconfinement layer around the lamellar crystals and thereby interrupt or decrease the long distance coupling among the FE crystals, grafting modifications have been recently proposed and applied to PVDF-based dielectric polymers [87] . Up to date, most reported graft copolymers are prepared via the atom ATRP from the CTFE-containing copolymers. The CTFE units in P(VDF-CTFE) or P(VDF-TrFE-CTFE) copolymers can act as initiating sites which allow the growth of polymer chains like polystyrene (PS), consequently producing the P(VDF-CTFE)-g-PS or P(VDFTrFE-CTFE)-g-PS graft copolymers [87] [88] [89] . After graft modifications, anti-FE-like behaviour can be successfully achieved in these novel graft copolymers.
Zhu et al. comprehensively discussed the anti-FE-like behaviour of the P(VDF-TrFE-CTFE)-g-PS (14%) graft copolymer [88] . They believed that PS side chains are repelled to the periphery of the P(VDF-CTFE) crystals during the crystallisation, forming a nanoscale PS interlayer with low polarisability. This reduced the compensation polarisation at the amorphouscrystalline interface, which made the local polarisation field lower than the depolarisation field, consequently resulting in fast dipole reorientation to the anti-FE state upon discharging (Fig. 8) .
Because of such anti-FE-like behaviour even at high poling fields, a significantly reduced FE loss and relatively high discharge energy density were observed in the P(VDF-TrFE-CTFE)-g-PS (14%) graft copolymer.
The anti-FE-like behaviour at high poling fields was also found in poly(methyl methacrylate) (PMMA) and poly(ethyl methacrylate) (PEMA) grafted copolymers [16, 17] . In contrast to the poor compatibility and the weaker intermolecular forces between PS and PVDF chains, the PMMA or PEMA side chains were homogeneously dispersed in the amorphous phase. However, the use of immiscible side chains such as PS or a miscible one like PEMA did not cause a significant difference in the anti-FE-like behaviours. Therefore, the authors claimed that the origin of the anti-FE-like properties seems to arise from the introduction of gauche type linkage coming from the grafted chains.
Besides, Li et al. have attempted to graft an ionic liquid (IL), 1-butyl-3-methylimidazolium hexafluorophosphate [BMIM] [PF6], onto PVDF with the assistance of electron beam irradiation [90] . The results showed that the incorporation of IL facilitated the formation of γ and β crystal phases in PVDF crystals via the interaction between the cationic ions and the C-F dipoles. However, detailed studies were lacking in terms of the dielectric polarisation at high electric fields for these PVDF-g-IL samples.
Crosslinking modifications
Crosslinking of fluorinated electroactive copolymers witnessed a growing interest in the past decades mainly driven by the pursuit of high electrostriction for actuator applications [12, [91] [92] [93] [94] . Despite the large number of available crosslinking strategies, only a few of them have been applied to the PVDF-based dielectric polymers including electron beam (e-beam) irradiation and some chemical reactions with crosslinking agents [95, 96] . Practically, each crosslinking strategy has a specific influence on the network parameters such as the crosslinking density and the location of the crosslinking knots, consequently affecting both the crystal and mechanical properties known to be crucial to the electrostriction [91, 94] .
The investigation of crosslinking P(VDF-TrFE) copolymers via e-beam irradiation was first carried out by Lovinger [97] . It was stated that e-beam irradiation could induce the transformation of the FE phase into a phase structurally equivalent to the paraelectric phase. The crosslinking density depended on the irradiation energy. Only when the crosslinking density increased to a critical value, the RFE behaviour was observed. Wide-angle X-ray diffraction (WAXD) and FTIR analyses showed that e-beam irradiation induced permanent changes in the crystals and increased the interchain distance (Fig. 9) [59] . Later, Zhang et al. demonstrated the giant electrostrictive performance in e-beamed P(VDF-TrFE) copolymers over a broad range of frequencies from 0.01 Hz to 10 kHz in a broad range of temperatures from 5 to 75°C [68] . The authors stated that e-beam irradiation caused a decrease and broadening of the Curie transition, thereby leading to RFE properties allowing high electrostriction at ambient temperature. Combination of the high electrostrictive strain (ca. 5% strain under an electric field of 150 MV m −1 ) and relatively high modulus (>0.3 GPa) makes the e-beamed P(VDF-TrFE) copolymers suitable as electroactive actuators and sensors.
The chemical crosslinking approach provides alternative routes allowing large scale fabrication and commercial applications due to the advantages of processing flexibility and the absence of many side reactions. Samsung company has successfully prepared original actuators based on crosslinking P(VDF-TrFE-CFE) and P(VDF-TrFE-CTFE) terpolymers with telechelic 2,4,4-trimethyl-1,6-hexanediamine (THDA) via a dehydrofluorination followed by a Michael addition [94] . After crosslinking with 2 mol % of THDA, the modified terpolymers exhibited higher deformation upon poling compared to the precursors (0.18 mm versus 0.12 mm at 15 MV m −1 ) (Fig. 10) . More importantly, chemical crosslinking also improved the thermal stability of the developed actuators as their actuation properties remained stable after 1 min at 250°C. This feature is much favourable for devices applied under extreme environment.
Peroxide crosslinking was also proved to an effective strategy for preparing highly electrostrictive copolymers [92] . After reacting with an organic peroxide and triallyl isocyanurate (TAIC), the 65/35 mol% P(VDF-TrFE) copolymer can yield a 3D network with varied crosslinking densities without substantial side reactions [92] . The as-crosslinked P(VDF-TrFE) copolymer displayed a maximum strain as high as 12% at a relatively low electric field of 9 MV m −1 .
Thermal vulcanisation initiated by peroxides provides another route for crosslinking modification of PVDF-based copolymers [92] . By utilisation of benzoyl peroxide (BPO), Chen et al. have successfully prepared the crosslinked P(VDF-CTFE)/PS-COOH [98] . It showed that the crosslinking might take place in the crystalline phase or in both the crystalline phase and amorphous matrix, depending on the modified object [99] . Due to the enhanced interface polarisation and the reduced energy barrier of the dipole switching, the energy density, and charge-discharge efficiency showed significant improvement in the crosslinked P(VDF-HFP) and P(VDF-CTFE)/PS-COOH samples. In another study, organic peroxide and triallyl isocyanurate (TAIC) were used for crosslinking the 65/35 mol% P(VDF-TrFE) copolymer to yield a three-dimensional network [92] . The crosslinked P(VDF-TrFE) displayed a high electrostrictive strain of about 12% at a relatively low electric field of 9 MV m −1 . A similar process was employed by Khanchaitit et al. [95] to produce P(VDF-CTFE) copolymer networks with high energy density. More recently, Zhang et al. developed a novel crosslinking approach based on the dehydrochlorination (elimination of HCl) of P(VDF-TrFE-CTFE) terpolymers [100] . The dehydrochlorination was performed in the presence of tertiary amines and resulted in internal double bonds in polymer chains, which subsequently acted as cure-sites that could be activated by a radical initiator. The network density could be controlled by the amount of double bonds, which essentially depended on the CTFE content and the experimental conditions.
Besides, photocrosslinking strategy can be applicable to the fluoropolymers. For example, a bisazido compound was used by Shen's group to implement the photocrosslinking of P(VDF-CTFE) [101] . FTTR analysis showed that β crystal phase with all-trans conformation was induced during the photocrosslinking process. The cross-linked P(VDF-CTFE)s possessed a remarkably elevated polarisation as well as a high breakdown strength, both of which contributed to the enhanced energy density.
Processing of PVDF-based dielectric polymers
In addition to chemical synthesis and modifications, the influence of processing including sample preparation and post-treatment should also be highlighted in terms of the controlling over crystal structure and thus the bulky properties for PVDF-based dielectric polymers.
Processing induced β-phase in PVDF homopolymer
The high content of β-phase PVDF is highly desired regarding its wide piezo-, pyro-and FE applications. However, when PVDF homopolymer is crystallised from the melt or solution, the nonpolar α-phase is more favourably formed. While the polar β-phase is the most thermodynamically polymorph for PVDF, it can only be obtained via melt or solution crystallisation under special conditions or by post treatment of the α-phase PVDF.
Doll and Lando first reported that high-pressure induced crystallisation of PVDF melts promoted the formation of β-phase, which is the exclusive form when crystallised under 550 MPa at 285°C [102] . Later, similar results showed that crystallisation of the PVDF melts at 260°C by pressure quenching under 600 MPa yielded 100% β-phase PVDF [103] . Regarding the crystallisation temperature, it was observed that the samples exhibited essentially the β-phase when PVDF melt crystallised at a quenching temperature below 30°C, whereas the α-phase predominated in the crystal structure when quenched at a temperature higher than 70°C [104] . In addition, selection of cooling rate above 150 K s −1 leads to the formation of the β-phase, as indicated by an additional low temperature shoulder in the crystallisation exotherm. Further increasing the cooling rate up to 2000 K s −1 , just the low temperature exothermic peak was observed, suggesting the formation of pure β-phase [105] .
Solution crystallisation of PVDF can also induce β-phase when choosing appropriate solvents and processing conditions. Highly polar solvents including N,N-dimethyl formamide (DMF), dimethyl acetamide (DMAc), N-methyl-2-pyrrolidone (NMP) and hexamethylphosphoramide (HMPA) show the good capability of inducing β-phase formation [106, 107] . Crystallisation temperature or evaporating rate (which is inverse to the solution temperature) plays a crucial role in determining the crystal polymorph fractions. It was reported that crystallisation from the PVDF/DMAc cast solution at temperatures below 70°C provided exclusively the β-phase, whereas the formation of α-phase began upon further increasing the temperature and became predominant above 110°C [108] .
Fig. 9 Schematic illustration of nanodomain formation and inter-chain distance (l 1 <l 2 <l 3 ) in e-beamed P(VDF-TrFE) and its typical roomtemperature bipolar D-E loops at 10 Hz [59]
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Fig. 10 Structure and performance of crosslinked P(VDF-TrFE-CFE) and P(VDF-TrFE-CTFE) terpolymers
(a) Chemical structure of the bridge between two P(VDF-TrFE-CFE) terpolymer chains after crosslinking by 2,4,4-trimethyl-1,6-hexanediamine (THDA), (b) Displacement-electric field performance curve of P(VDF-TrFE-CFE) terpolymer actuator before and after cross-linked by 2 mol% THDA [94] IET Nanodielectr., 2018, Vol. Compared to the in-situ crystallisation control strategy, posttreatment such as mechanical stretching is more effective for attaining a high fraction of β-phase. During the stretching process, the applied stress causes the rearrangement of the original α-phase with TGTG ′ chain conformation into the β crystal phase with alltrans conformation. The β-phase composition is highly dependent on the stretching parameters such as temperature, stretching ratio, and strain rate [109] . A maximum value of β-phase around 80% can be achieved using a stretching ratio of 5 at 80°C, whereas further increasing the stretching temperature decreases the efficiency of the α-to β-phase transformation, probably due to the improved chain mobility at high temperature which would promote crystal orientation along the stretching direction rather than a conformational change [27] .
In addition, application of high external electric fields to α-phase PVDF can also induce the β-phase formation. The transformation of the non-polar α-form into the final β-form apparently occurred in two stages [45] . When being polarised under moderate field (∼125 MV m −1 ) at room temperature, only the large dipoles normal to the chain axis responded to the applied field, thus causing the alignment of the neighbouring molecular chains in a parallel manner to create a stable polar δ-phase with little change in the chain conformation. Further increasing the electric field up to 500 MV m −1 , the α-to β-form crystal phase transition can be observed.
Effect of processing on crystal structure and properties of P(VDF-TrFE)
For semi-crystalline polymers, it is known that the processing conditions play a key role in determining the crystal structure, i.e. the crystallinity, crystalline size and crystalline orientation. Since the ferroelectricity of the P(VDF-TrFE) film is originated from the response of CF 2 dipoles in the FE crystal phase to an external electric field, it is important to optimise the processing conditions to increase the crystallinity as well as the dipole orientation towards the electric field direction so that one may make higher performance electric devices. P(VDF-TrFE) can be easily processed into desired dimensions by a variety of processing techniques including melt extrusion, solution casting, spinning coating and so on. Melt extrusion is a common method that produces oriented flexible chain polymers. By varying the melt extrusion temperature, Meng et al. obtained a series of well-aligned P(VDF-TrFE) films with different crystalline structures and orientations [110] . It was shown that the P(VDFTrFE) films extruded at 190°C exhibited a well-stacked edge-on lamellae structure, consequently leading to remarkable FE properties. Highly ordered crystalline structures have also been achieved by applying static shear force to the spin-coated P(VDFTrFE) thin films. It was reported that shearing of a thin film at 135°C gave rise to the best crystal orientation directly correlated with ∼50% enhanced FE polarisation observed in a metal/sheared P(VDF-TrFE)/metal capacitor [111] . Similarly, Yang et al. [112] asserted that the shear stress induced by the spin coating can lead to the P(VDF-TrFE) formation with different dipole alignments crystallinities by varying the spinning coating speeds from 3000 to 6000 rpm.
In addition to the sample preparation conditions, post-treatment of P(VDF-TrFE) also plays a crucial role in determining the crystal structure and FE properties. Particularly, an annealing treatment is an essential and important procedure for fabricating highly crystalline P(VDF-TrFE) thin films that allow for practical applications especially under a high electric field [113, 114] . The annealing temperature is reported to be the most important parameter in the thermal annealing process [115, 116] . XRD analysis suggests annealing at temperatures below T C remove the gauche conformation defects, while annealing in the hexagonal phase (T a >T C ) for long periods leads to rearrangement of chain molecules through their sliding motion along the chain axis, which eliminates crystal defects and improves the preferential orientation distribution of the crystal axes perpendicular to the (110)/(200) planes in the film. In the case of single crystalline films of 75/25 mol% P(VDF-TrFE), post-annealing in the FE phase just below T C caused a large increase in T C by 17°C without distinctive change in T m , while prolonged annealing in the hexagonal phase caused an increase in T m with a slight decrease in T C [117] . Therefore, the appropriate annealing temperature might be above the T C but below the T m of the material when the material is in between the FE phase and the paraelectric phase. The thermal energy allows the polymer chains to rearrange their orientation and position, such that a higher degree of crystalline structure can be found after cooling. Upon annealing, the P(VDF-TrFE) morphology changes can be also observed by SEM, from small spherical particles upon relatively low temperature annealing to ellipsoidal grains/granules at optimum annealing temperature (Fig. 11) [118] . The appearance of ellipsoidal grains is an indicator for the best FE properties of the film. Further increasing the annealing temperature higher than its melting point could lead to needle-or fibre-shaped crystals. Accompanying this morphological change in high temperature annealing is the drastic deterioration in FE property of the film.
Besides, poling also induces changes in the chain conformations and crystal structures of the P(VDF-TrFE) films. It was reported that poling increased the overall crystallinity and crystal size while reducing the packing and conformational gauche defects in the crystallites for stretched or unstretched P(VDF-TrFE) films annealed above the T C [119] . Upon poling, the concentration of gauche defects was reduced through structural reorganisation by dipole rotation, and the total enthalpy of the Curier transition increased from about 8 to 21-30 J g −1 [120] . 
Processing effect on relaxor and anti-FE PVDF-based polymers
In addition to the chemical structure and composition, the dielectric properties of the RFE and anti-FE PVDF-based polymers are closely related to the processing history. In the case of P(VDFTrFE-CFE) with a composition of 61.5/30.3/8.2 mol%, microstructures and phase transition behaviours can be varied via tuning the processing conditions [121] . Specifically, the wellannealed terpolymer sample exhibits typical RFE behaviour with the non-polar crystalline phase having a chain structure of a random sequence of TT/TG/TG′ conformations. In contrast, by lowering the crystallisation temperature in the solution-cast films, the polar crystal phase with all-trans (T m >4) planar zigzag conformation (similar to the FE phase in the corresponding copolymer) can appear or even become a dominating phase. Similar phenomena have also been observed for P(VDF-TrFE-CTFE) [122] . Alternatively, the uniaxial stretching strategy has been employed to improve the dielectric properties of the PVDF-based RFE polymers, given its significant effect on the crystal phase composition and crystalline orientation. Uniaxial stretching of P(VDF-CTFE) (91/9 mol%) and P(VDF-HFP) (95.5/4.5 mol%) copolymers could lead to polarity reduction due to the chain conformation transition from a high-polar β-phase to a weakly polar γ-phase or non-polar α-phase, as well as reduction of crystalline properties [14, 64, 65] . After stretching, P(VDF-HFP) dielectric films can attain the energy densities as high as 25 J cm −3 under a 700 MV m −1 electric field. Similarly, uniaxially stretching crosslinked P(VDF-TrFE) films enhanced the film quality, optimised crystalline properties, improved orientation uniformity of crystal domains as well as accelerated FE relaxation [123] . As a consequence, the stretched films exhibited a significantly enhanced dielectric constant, breakdown field, and energy densities but depressed loss.
Recently, the effect of uniaxial stretching on the dielectric properties of the anti-FE-like P(VDF-TrFE-CTFE)-g-PS have been analysed by Yang et al. [89] . The results showed the crystalline orientation, which influenced by the uniaxial stretching had a profound effect on its electrical behaviour. For example, dielectric instead of FE behaviour was observed in non-oriented P(VDFTrFE-CTFE)-g-PS samples, while DHLs were seen in the uniaxially oriented films. The DHL behaviour is temperature dependent, e.g. the DHL behaviour was stable below 75°C but gradually disappeared above 100°C. This is explained by the enhanced dc conduction and impurity ion migrational loss at elevated temperatures (Fig. 12) . The influence of uniaxial stretching was also reported in the case of P(VDF-TrFE-CTFE)-g-PMMA [17] . It is argued that the anti-FE-like behaviour could be retained up to 675 MV m −1 with a discharged energy density of 23.3 J cm −3 in the copolymer bearing 24 wt% PMMA with an extension ratio of 300%, because of the strong confinement of rigid PMMA and the alignment induced high breakdown strength.
Some newly developed processing techniques
In order to finely control the structure and thus enhance the material performance, some novel processing techniques have been developed and applied to PVDF-based polymers in the past decades. Featuring a combination of mechanical stretching and electric poling, electrospinning has become a promising technique for producing PVDF-based piezoelectric polymers as this technique can induce the formation of polar FE β-phase and simultaneously align the dipoles during processing [124, 125] . A typical electrospinning apparatus consists of a high voltage supplier, a syringe and a collecting screen where the fibres are collected. In a typical process, an electrified jet of polymer solution is ejected from the syringe tip at high voltage and is deposited onto a grounded collector. During the fibre solidification process, mechanical stretching and electrical poling occur simultaneously. In addition to the solution properties (i.e. solvent polarity and solution concentration), the electrospinning parameters such as the applied voltage, the electrode-to-collector distance, and the rotation speed of the collector are found to have considerable effects on the fibre morphology, crystalline structure, and thus the FE and piezoelectric properties of the generated product [126] . By optimising the processing parameters, a high fraction of wellaligned β crystal phase and hence remarkable piezoelectric properties have been achieved in electrospun PVDF or P(VDFTrFE) fibres without additional poling treatment, which is distinctive from the forcespinning method (Fig. 13) . Currently, these electrospun piezoelectric PVDF and P(VDF-TrFE) fibres have been widely explored for biological and energy harvesting applications [127, 128] .
Derived from the conventional melt extrusion, multilayer coextrusion can produce a wide range of layered polymeric structures with enhanced mechanical, optical, transport, and dielectric properties [129] [130] [131] . In a typical coextrusion process, polymers A and B were first extruded from two separate extruders, then combined with a feed block as two parallel layers, finally sliced and combined with a series of multiplying elements. The number of layers could be up to thousands with the increase of a number of multiplying elements, and each layer is continuous along the extrusion direction (Fig. 14) . When the layer thickness is reduced to the micro and nanometre scales, profound property changes often occur. In the field of dielectrics, these unique multilayer films can avoid a number of dielectric disadvantages from PVDF-based polymers owing to the effects of permittivity contrast and nanoconfinement in the system [131] [132] [133] [134] [135] [136] . For instance, FE switching can be effectively prohibited for PVDF and its copolymers in multilayer films, considering that the high permittivity PVDF layers have a low nominal electric field which is possibly lower than the coercive field because of the large permittivity contrast in PVDF-based multilayer films. Besides, migrational loss from impurity ions in the PVDF-based copolymers can be reduced due to the nanoconfinement effect on ionic transport in the PVDF nanolayers. Moreover, PVDF-based multilayer films at various volume compositions exhibit enhanced dielectric breakdown strength as compared to simple polymer blends and the weighted average model. The enhanced breakdown strength property could be attributed to the interfacial polarisation at the interfaces between PVDF and the linear dielectric polymer such as PC. Due to the sharp contrast in both the permittivity and bulk conductivity, space charges will accumulate at the PVDF/PC interfaces (Fig. 14) [132] , impeding the propagation of hot electrons injected from the metal electrodes, and hence suppressing the onset of electrical breakdown. In this context, PC serving as a charge blocking layers can withstand twice the field strength that of the breakdown strength of monolithic films of the polymer itself [131, 132] .
Either by template wetting or by nanoembossing (also called nanoimprint lithography), nanoconfinement has recently been applied to PVDF-based polymers to prepare arrays of nanostructure with enhanced FE properties [24, [137] [138] [139] [140] . The template wetting strategy is based upon the fact that polymer melts and polymer solutions tend to wet the walls of nanoporous templates if the walls exhibit high-surface energy [137, 138] . Typically, arrays of 1D PVDF or P(VDF-TrFE) nanowires are prepared by template-wetting into a commercially available anodic porous alumina (APA) membrane with numerous channels having pore sizes of 150-200 nm (Fig. 15 ). In such confined nanoporous structure, PVDF or P(VDF-TrFE) nanowires can be predominantly crystallised into the β-phase, leading to the formation of well aligned polymer chains and crystallites arranged perpendicularly to the channel walls, and thus an enhanced FE and piezoelectric properties [139] . For instance, the as-produced PVDF nanowires exhibited a remnant polarisation as high as 19 μC cm −2 , and a maximum d 33 of −6.5 pm V −1 without additional poling [138] . Alternatively, nanoembossing is a rapid and low-cost lithographic technique that enables patterning of an initially flat thin film of soft material and subsequent formation of highly ordered arrays of nanostructure [24, 140] . Recently, this technique has been employed to directly pattern semi-crystalline FE P(VDF-TrFE) with high-density arrays of cells being characteristic of finely controlled orientation of the crystallographic axes and good crystal quality (Fig. 16) [24] . The c-axis, which is the chain axis that the dipole moment rotates when subjected to the vertical electric field, is uniformly aligned parallel to the substrate, thereby effectively easing the switching of the polarisation. It was reported that the preferential orientation of the crystals and the improvement of crystal quality in the FE nanocells guaranteed a well-defined uniform operation of all nanocells in a given memory device. Strikingly, compared with that of polycrystalline thin films and bulk samples, the coercive field of the highly ordered nanocells can decrease by five times. This enables low-field operation and provides compatibility with low-voltage technologies. Other parallel processing techniques have also emerged for the preparation of high-performance PVDF-based dielectric polymers, e.g. patterned P(VDF-CTFE) thin films are fabricated by photolithography [101] . Ultra-high density FE P(VDF-TrFE) nanodot arrays (≃75 Gb inch −2 ) and transformation from volatile to non-volatile storage behaviour in the P(VDF-TrFE-CFE) nanodots are also attained by using disposable anodic aluminium oxide with orderly arranged nanometre-scale pores as moulds [25, 141] .
Conclusions
PVDF-based dielectric polymers are attractive for various applications including non-volatile memory, piezo and pyroelectric sensors, actuators, electrocaloric refrigeration, and film capacitors. Different applications may require different dielectric and FE properties, which in turn require different molecular structure, chain conformation and crystal phase. Through appropriate chemical synthesis and modification strategies, a series of PVDFbased copolymers, terpolymers, grafted or cross-linked polymers can be obtained that exhibit rich dielectric polarisation behaviours covering normal FE, RFE, anti-FE-like and linear dielectric [132] Copyright 2012. Reproduced with permission from the American Chemical Society responses. In addition, the processing procedure can be controlled to tune the crystal structure and dielectric properties of the PVDFbased polymers. Nevertheless, despite much progress has been made for PVDF-based polymers, great challenges still exist in many areas. For example, in the field of film capacitors, although RFE polymers exhibit narrow hysteresis because of the crystal pinning effect, their low Curie temperature and relatively low melting temperature limit their use in high temperature applications. The anti-FE-like PVDF-based graft copolymers also have limitations to scaling up due to the large amount of copper catalyst used in the graft process. The recent attention of the academic community has focused on the effect of nanoconfinement (e.g. multilayer, template wetting etc.) to further enhance the properties of the PVDF-based polymers. Also, the nanocomposite approach is another theme being extensively practiced for the tuning of physical properties (e.g. polymer crystalline structures and electric properties such as energy storage behaviour and electrocaloric effect) of PVDF-based dielectric polymers [142] [143] [144] [145] [146] [147] [148] [149] [150] [151] [152] [153] . It is anticipated that further developments will be achieved in the coming years through cooperation between the academic and industrial communities.
Acknowledgments
The work was supported by the National Natural Science Foundation of China (grant no. 51777101) and the self-determined research funds of the State Key Lab of Power System (grant no. SKLD17M07).
